We report a novel method for constructing a stable three-dimensional cellular assembly in the absence of a solid or gel scaffold. A targeted cell was transferred to another cell, and the two were kept in contact for a few minutes by optical manipulation in an aqueous medium containing a hydrophilic polymer. Interestingly, this cell-cell adhesion was maintained even after elimination of the polymer. We discuss the mechanism of the formation of stable multi-cellular adhesion in terms of spontaneous rearrangement of the components embedded in the pair of facing membranes.
Introduction
The fabrication of three-dimensional (3-D) cellular assembly systems with multiple cells through the desired positioning of individual cells has become increasingly important with recent developments regarding the outcome of cell differentiation as well as the discovery of dedifferentiation techniques using induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs) [1] [2] [3] [4] . To achieve this end, a chemically controlled gel has frequently been applied as a scaffold to achieve a 3-D cellular assembly [5] [6] [7] [8] . Additionally, various other approaches such as magnetic liposomes [9] , polymeric aqueous two-phase systems [10] , printing of cells with polymers [11] and well-controlled micro-arrays of a solid substrate [12] have been proposed. Unfortunately, artificial scaffolds and/or artificial chemical substances are thus far indispensable for the assembly of cells, and such xenobiotics may have non-negligible effects on the structure and function of the assembled cells. As a noninvasive method of cell manipulation in bulk aqueous medium under remote control, laser tweezers [13] have been applied for the transport of targeted cells in aqueous medium [14, 15] . Although the use of laser tweezers is a well-known method for transferring a targeted cell, it has been difficult to sustain stable cell-cell contact after the laser is switched off. Living mammalian cells are usually suspended in an aqueous solution and tend to dissociate due to repulsive interactions between the facing membrane surfaces [16] . Under these circumstances, the current methodologies for cellular assembly are mostly restricted to the adoption of solid or gel substrates to anchor and assemble cells. Here, we report our experimental observations on the formation of a stable 3-D cell-assembly in bulk medium using laser tweezers without any solid/gel scaffolds, through the use of a crowding effect with macromolecules [17] [18] [19] .
Materials and methods
NAMRU mouse mammary gland epithelial cells (NMuMG) [20] were cultured in Dulbecco's modified Eagle's medium (DMEM) (Wako Pure Chem. Ind., Japan) supplemented with 10% fetal bovine serum (FBS) (Cell Culture Biosci., Nichirei Biosci. Inc., Japan), 40 lg/ ml streptomycin, and 40 units/ml penicillin (Life Tech. Corp., USA). The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 . Sub-confluent cells were harvested with trypsin (0.25% Trypsin-EDTA (1X)) (Life Tech. Corp.) and cryopreserved with CELL-BANKER1 (Nippon Zenyaku Kogyo, Japan). For preparation of the crowding polymer, we used polyethylene glycol (PEG) (50,000; molecular biology-grade) (Wako Pure Chem. Ind.). We prepared 10-40 mg/ml of polymer solution with PEG (50 k) using DMEM. Microscopic images were obtained using a Nikon TE-300 inverted microscope equipped with a CCD camera (WAT-120N) (Watec Co. Ltd., Japan), and an optical laser manipulation system (Millennia IR) (Spectra-Physics. Corp., Japan) with a Nd:YAG laser (cw; 1064 nm) operating between 380 and 780 mW. The optically trapped cell was transferred using an auto-stage (Sigmakoki Co. Ltd., Japan). All experiments were carried out at room temperature (23°C). cate experiments with and without PEG (40 mg/ml), respectively. In these experiments, we grasp a target cell by focusing the laser and then move the cell to make contact with another desired cell. After the cells come in contact for a few seconds, the stage is moved toward the right at a speed of 10 lm/s under laserfocusing on the cell on the right. In the schematics in Fig. 1a 0 -d 0 , we indicate the trapped cell's direction of motion, relative to the cellular environment. This process exerts a viscous force on the paired cells, which can result in the pair of cells eliminating each other due to viscous friction, as shown in (A). We also confirmed that, even without external viscous friction, cell-cell contact tended to dissociate under Brownian motion once the laser was switched off. However, in the aqueous medium with PEG, cell-cell contact was maintained in a stable manner during transport in the solution, as indicated in (B). Fig. 1(C) shows the stability of cell-cell contact represented as the percentage of surviving cellular pairs after transport against viscous friction, as illustrated in Fig. 1 (A) and (B). In this measurement, cellular contact was established for 3-6 s and the cellular pair was then transferred in the solution using laser tweezers at a speed of 10 lm/s. We confirmed successful cell-cell attachment by replacing PEG with dextran (data not shown), which suggests that the present methodology is robust for achieving cell-cell contact between any two desired targets. In contrast to a previous study [8] , where holographic laser tweezers were used to produce artificial cellular micro-architectures, we have here developed a novel method for generating stable cellular structures with a desired positioning between individual cells.
Results
Next, we examined the stability of cellular attachment by transporting cell pairs from the crowding medium with polymer to a polymer-free solution. By using the experimental system shown Fig. 2(A) , we induced cell-cell contact in the region containing PEG and then transferred the cell pairs to a region without PEG, using laser tweezers. We confirmed that, under these experimental conditions, the difference in PEG concentration between the two regions was maintained for several hours. Fig. 2(B) shows the results of the transfer of the cell pairs to the region without PEG, after cellular contact was established for 3 s. Our results indicate that the cell pairs dissociated during transfer, indicating that this short contact time, on the order of seconds, was not enough to establish stable cellular attachment. On the other hand, Fig. 2(C) shows the successful transport of a cell pair to a region without PEG, where the cells were kept in contact for as long as 5 min in the region containing PEG. Taken together, these results validate that cellular contact is maintained in a stable manner. Fig. 3 illustrates experiments that were designed to facilitate 3-D cellular assembly in a crowding environment using laser tweezers in the presence of 40 mg/ml PEG. Fig. 3(A) exemplifies the timesuccessive formation of a pyramidal cellular system. Fig. 3(B) shows the formation of various morphologies with multiple cells. Here, we moved the objective lens along the vertical plane to form 3-D assembly. In future experiments, it may be useful to construct twin laser foci to generate 3-D cellular assemblies.
Discussion
We have shown that the use of a crowding polymer solution enables the creation of a cellular assembly using laser tweezers. Here, we briefly discuss the experimental conditions needed to use the present methodology to generate a cellular assembly. It should be noted that we used a crowding polymer solution to avoid entanglement between neighboring polymer chains. Thus, the viscosity is essentially the same as that in the solution without the polymer. Under the condition that the polymer concentration exceeds that of the overlap concentration, c⁄, the transfer of individual cell pairs using the laser becomes impossible due to an increase in the solution's viscosity. Next, we discuss the occurrence of attractive interaction between cells in polymer solutions, taking into account the so-called depletion interaction [21, 22] .
For the stabilization energy between the facing membranes per unit area, U a , due to the depletion effect, we may simply adopt the following theoretical model by taking the diameter 'd' of polymer coil, such as PEG, in a random coil conformation: Several reports have discussed the subtle changes in the interaction profile due to the polymer depletion effect [23, 24] . However, the essence of the interaction profile is the same, in accordance with the above simple model proposed by Asakura and Osawa [21, 25] . Thus, the attractive force between the facing membranes at a distance x is expressed in terms of negative pressure:
where p PEG is the osmotic pressure due to the crowding PEG. As discussed below, the osmotic pressure of crowding macromolecules becomes almost independent of the molecular weight of the crowding polymer. In other words, the pressure is simply represented by the concentration of the polymer blobs or the polymer weight concentration [24, 26] . Thus, based on past reports on the measurement of the osmotic pressure of PEG [27, 28] , we can estimate the osmotic pressure of 40 mg/ml PEG solution to be ca. 0.02 MPa (see Fig. 1(C) ).
Regarding the physicochemical mechanism that underlies the repulsive interaction between a pair of cells floating in solution, studies have been performed by taking various factors into account [29] , such as electrostatic interactions between two parallel surfaces [30] , electrostatic repulsion due to heterogeneous distribution of the surface charge [31] , short-range hydration repulsion force [32] , a glycocalyx repulsion effect [16, 33] , and membrane undulation [34, 35] . Collectively, the results of these studies indicate the existence of short-range repulsive forces that decay more steeply with distance. For example, as a phenomenological model, Hiemenz et al. suggested [30] the following relationship for the repulsive force between the membrane surfaces of a pair of cells, represented as the positive pressure P rep , with a distance x, considering electrostatic interactions together with some possible steric effect:
where pressure P 0 rep , a positive variable, depends on the ionic strength of the medium and the surface potential at the extreme of x = 0. The characteristic length L is on the order of 1 nm for a conventional medium for cell culture, and P rep is on the order of 0.1 MPa at x = 10 nm and 0.001 MPa at x = 15 nm. Although there remains some ambiguity regarding the physical origin of cell-cell repulsive interactions, such a steep decrease in the repulsive force at a length of around 10-20 nm seems to be consistent with reports in this field.
We can propose that the net pressure is the sum of the depletion and repulsive interactions:
As mentioned above, under our experimental conditions, P dep $ À0:02 MPa was sufficient to attain an effective attractive interaction between cells. Thus, it is expected that the transmembrane distance would be x = 10-15 nm through the balance between attractive and repulsive contributions. Here, we can evaluate the size of the polymer chain, d, in relation to the radius of gyration R g . It would be natural to expect the following relationship: d % 2R g . Under this assumption of a random coiled conformation, R g can be evaluated as,
where 'b' is the Kuhn length and 'n' is the number of Kuhn segments per single polymer molecule. In accordance with the interpretation in a previous study, we estimate 'b' to be 0.38 nm [36] . The parameter t is the Flory exponent; t ¼ 1 2 for an ideal polymer and t ¼ 3 5 for a 'real' polymer. Generally, in semi-dilute regimes, the exponent tends to decrease toward 1/2 with an increase in the polymer concentration [24, 26] . Here, we used PEG (50 k) ( Fig. 1(C) ), corresponding to a degree of polymerization of n $ 10 3 . Thus, we can estimate the radius of gyration to be R g % 5 nm, under t ¼ 1 2 . Accordingly, we can deduce that d % 10 nm, suggesting that, under the present experimental conditions, the distance is maintained on the order of the size of a polymer in a coil conformation.
As an additional physico-chemical parameter, it is essential to obtain larger P dep values. On the other hand, viscosity should remain at the level in a usual aqueous buffer solution, to settle the desired experimental conditions for manipulation by a laser. To this end, we can use a polymer concentration that is closer to the so-called overlap concentration c⁄ (g/L = mg/mL), as in Eq. (6):
Thus, the overlap concentration of PEG (50 k ). This suggests that c⁄ would be on the order of several tens of mg/ml under our experimental conditions.
Next, we briefly discuss the effect of cell membrane deformation, which would enable the cells to achieve flat contact with each other. The bending modulus of membranes is j $ 10 À19 J [37] . From Fig. 4 , the characteristic length of the flat contact was ca.
5 lm. We estimate that the change in curvature through the formation of flat cell-cell contact was DK % 10 5 m À1 . From this equation, we can now estimate the energy cost e to make a flat surface:
where A is the flat contact area and is approximately $ 20 lm
. This
indicates that the free energy penalty for deformation is on the Based on the above arguments, we propose a hypothesis regarding cell-cell contact interaction as represented in Fig. 4 . The cytoplasmic membrane is easily deformed to allow flat cell-cell contact, which causes an inter-membrane gap on the order of R g of the crowding polymer. We expect that such a void in the area of flat contact provides fluidity for the membrane components to decrease local repulsions and increase attractive contributions, and that, during contact for several minutes, the interacting surface of the cytoplasmic membrane acquires stability, due to the rearrangement of the facing membrane components.
Conclusions
In summary, we have demonstrated stable cell-cell adhesion in a crowding environment with a soluble polymer (PEG) through laser manipulation. Interestingly, after cellular contact for as long as several minutes, the contact pair retains its stability even in the absence of crowding polymers. We proposed a mechanism that could explain the stable cellular adhesion in terms of specific attractive interactions under crowding conditions, where the distance between the facing cellular membranes, with a contact area of on the length scale of several m, is maintained on the order of 10 nm, i.e., the size of a PEG molecule in a coil conformation. Our results suggest that such a specific feature of the depletion effect with a crowding polymer may allow favorable interactions between the facing membranes via the thermal fluctuation of components within cellular membranes, where 2-D fluidity is wellmaintained because of the finite gap between the membranes in contact. The use of optical tweezers (Nd:YAG, wavelength 1064 nm) under a crowding environment causes no significant damage to the cells [38] . The result of the present study will stimulate the further extension of the study to examine the possible application of laser tweezers under crowding condition, such as the adhesion of cells to a tissue. Additionally, as a next step, it may be important to examine whether natural polymers can provide a suitable environment for constructing stable cellular assemblies, instead of the synthetic polymer PEG. Our preliminary experiments have shown that natural polymers, such as dextran and albumin, offer considerable promise in this direction. We hope that the application of the new methodology reported here will contribute to progress in the biological sciences, such as in the fields of tissue-engineering and regenerative medicine.
